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Abstract. The physical structures of the outer atmospheres of red giants are not
known. They are certainly complex and a range of recent observations are showing that
we need to embrace to non-classical atmosphere models to interpret these regions. This
region’s properties is of importance, not the least, for the understanding of the mass-loss
mechanism for these stars, which is not still understood. Here, we present observational
constraints of the outer regions of red giants, based on mid-IR, high spectral resolu-
tion spectra. We also discuss possible non-LTE effects and highlight a new non-LTE
code that will be used to analyse the spectra of these atmospheric layers. We conclude
by mentioning our new SOFIA/EXES observations of red giants at 6 µm, where the
vibration-rotation lines of water vapour can be detected and spectrally resolved for the
first time.
1
21. Observations
We have presented new high spectral resolution 12µm spectra of early-K to mid M
giants of a range of effective temperatures 3400 K < Teff < 4900 K in Ryde et al, 2014,
submitted. The spectra were recorded with the TEXES spectrograph (Lacy et al. 2002)
at the NASA-IRTF on Mauna Kea at an altitude of 4, 205 m. An example spectrum of
δ Oph (M0.5 III) is shown in Figure 1.
2. Results
In all the spectra the synthetic profiles of the water lines are too weak. The emis-
sion lines of Mg and the HF lines are clearly detected and are modelled well with
a pure photospheric model described in Ryde & Richter (2004), Ryde et al. (2004),
and Sundqvist et al. (2008) for the Mg emission and in Jo¨nsson et al. (2014) and Herik
Jo¨nsson’s talk for the HF line in context of the galactic chemical evolution of fluorine.
Also, other features such as the OH(v = 2 − 2, 3 − 3) lines are well modelled. We do
not detect, to within 1.5 km s−1, any velocity shift between the detected spectral lines.
Furthermore, we do not detect any emission of water whatsoever. This means that at
least the continuum and these lines are most likely formed in the photospheres of the
stars and that no signatures of the more extended outer atmospheres are detected.
To summarise, the results of our observations show deeper water lines that ex-
pected in a large range of red giants, varying smoothly with spectral type. The stronger-
than-expected lines are thus not object-specific, but a general feature of red giants, cf.
also the results of Sloan et al. (2014, submitted).
Figure 1. Example spectrum of δ Oph (M0.5 III) at 12 µm is shown in black. The
red spectrum is the best synthetic spectrum for the star. In blue we show the telluric
spectrum,. It is obvious that in this wavelength region there are no severe telluric
absorption.
In the spectra, we have detected water lines with a span of excitation energies.
Thus, by assuming that they are formed in a region in the photosphere represented by
a single temperature, we can calculate a characteristic excitation temperature, from the
relative lines strengths of these lines. We find that the derived temperatures are on the
order of 500 K lower than that expected from LTE photospheric marcs atmospheres
(Gustafsson et al. 2008) of these stars. We further find that the water lines are very
optically thick.
33. Discussion
The strong water lines are a general feature for all red giants, smoothly varying with
effective temperature. Any model of the outer atmospheres of red giants need to ac-
commodate this behaviour. Most likely, these lines are photospheric in origin. The
continuum is formed in the photosphere, the water lines are optically thick, and we do
not detect any emission. These features are difficult to explain with molecular layers
around the stars (MOLsphere).
What causes the deeper photospheric lines? Below we list a number of sugges-
tions. For a further discussion, see Ryde et al. (2002, 2006b,a, 2003).
• non-LTE temperature structure (cf. Short & Hauschildt (2003): non-LTE in Fe)
• non-LTE cooling (due to non-LTE in water, Lambert et al. 2014)
• non-LTE H2O line source function and line opacity (Lambert et al. 2014)
• convective flows (3D red giants)
• temperature bifurcations due to molecular catastrophes
• dynamic chromospheres
• star spots
Here we will only discuss what we suggest to be the most likely, namely the im-
portance of an non-LTE treatment of the line formation of the water lines. The reason
for this is that when computing the critical density, it is clear that non-LTE effects need
to be investigated at these atmospheric depths.
In order to investigate this further, we have developed an original code for the
non-LTE calculation of massive molecular models, such as that for the water molecule.
There are more than 1000 levels to consider up to an excitation energy of 5000 cm−1,
with more than 15 000 radiative and 350 000 collisional rates. This is not possible to
handle with other non-LTE codes available, and is too large for a classical radiative-
transfer approach. The method, fully parallelized in an MPI code, is explained in detail
in Lambert et al. (2011, 2013a,b), Lambert et al. (2014, submitted) and the poster pre-
sented at this conference (Lambert et al.). What they find is that there are large departure
coefficients and that the spectrum is affected. More importantly, the water cooling of the
outer photosphere is affected. The detailed response of these affects will be presented
in a forthcoming paper. Thus, we find that these non-equilibrium level populations will
affect the cooling, line source function, and line opacities. It is clear that non-LTE will
be important to consider. This might be important for all outer atmospheres of red gi-
ants including AGB stars. The non-LTE tools now exist and we will investigate these
effects for AGB stars.
3.1. SOFIA - the Stratospheric Observatory For Infrared Astronomy
Up to now we have only been investigating the rotational water lines at 12µm. We
have, however, also started a program to investigate the vibration-rotation (ν2) lines at
6.5µm at high spectral resolution (R ∼ 85, 000) with EXES (see DeWitt et al. 2014)
on SOFIA. This is the first time a star has been investigated at high spectral resolution
at these wavelengths, which are totally opaque from the ground. Our first observations
4were performed on the first commissioning flight of SOFIA/EXES on April, 9 2014,
and will be presented in a forthcoming paper.
EXES fills a gap in the high spectral resolution, mid-infrared wavelength region
(4.5−28µm). Flying in the stratosphere, the SOFIA observatory flies above 99% of the
telluric water vapour, which means that apart from much less contamination of telluric
water-vapour lines, the totally opaque (from the ground) regions between the M and N
bands at 5.5 − 7.0µm are also observable.
4. Conclusions
Red giants outer atmospheres are complex. Non-classical models are definitely needed,
be it in context of a MOLsphere or a non-classical photosphere scenario. There are
contradictory views that have to be unified for a global view of these regions.
We have detected strong water lines in absorption in the N band for a wide range of
giants, from early K to mid-M, that is 3500-4300 K. Our IRTF/TEXES spectra at 12µm
an SOFIA/EXES spectra at 6.5µm provide strong constraints on any model attempt of
these atmspheres.
We argue that the lines detected are probably photospheric in origin. The excita-
tion temperature are found to be cooler than expected from marcs models. This could
indicate a physically cooler outer temperature structure due to non-LTE water cooling,
or a non-LTE line formation of the water lines as such.
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